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T T P binding to the T N F -a ARE, indicating that T T P phosphorylation is required for ARE binding. Carballo, Lai and Blackshear [( 1998)
Science 281, [1001] [1002] [1003] [1004] [1005] showed that T T P was a TNF-a mRNA destabilizer. In contrast, T I A -I , and most probably T I A R , acts as a T N Fa mRNA translational silencer. A two-hybrid screening with T I A R and TIA-1 revealed the capacity of these proteins to interact with other RNA-binding proteins. Interestingly, TIAR and TIA-1 are not engaged in the same interaction, indicating for the first time that T I A R and TIA-1 can be functionally distinct. These findings also suggest that ARE-binding proteins interact with RNA as multimeric complexes, which might define their function and their sequence specificity.
AU-rich elements (AREs): a family of RNA determinants involved in posttranscriptional regulatory processes
AREs were first discovered in the 3' untranslated region (3'UTR) of several cytokine and oncoprotein genes [l] . These elements are composed of a variable number of copies of the AUUUA pentamer or U U A U U U A U U nonamer. T h e list of mRNAs bearing such elements has since then greatly expanded, revealing that ARE-containing mRNAs encode a wide repertoire of functionally diverse proteins [ 2 ] . AREs were at first shown to mediate RNA instability when inserted into the 3'UTR of reporter genes [3] . Based on the number mRNA Degradation : an Important Process in Controlling Gene Expression and distribution of the AUUUA pentamer they contain, AREs have been classified into three categories. Class I AREs are characterized by the presence of one to three pentamers that are distributed within a large part of the 3'UTR, coupled with a nearby U-rich region. Class I1 AREs have at least two overlapping copies of the nonamer UUAUUU(U/A)(U/A)U in a U-rich environment and class I11 AREs do not contain any pentamers, but have U-rich stretches. All three ARE classes confer mRNA instability in cultured cells through different mechanisms, all of which imply mRNA deadenylation (reviewed in [4] ). T o date, the physiological importance of ARES in vivo has been evaluated for very few mRNPs. Surprisingly, although tumour necrosis factor (TNF)-a and granulocyte/macrophage colonystimulating factor (GM-CSF) class I1 AREs were shown to play a major role in the posttranscriptional control of these genes in animal models [5, 6] , deletion of the c-myc ARE (class I) by homologous recombination did not alter c-myc mRNA metabolism [7] . These observations indicate that class I1 AREs, characterized by clustered copies of the UUAUUUAUU nonamer, are dominant instability determinants, whereas class I AREs do not necessarily induce mRNA instability when placed in their natural context.
AREs as translational regulatory elements
Translational repression by AREs derived from several cytokine mRNAs was first unravelled by microinjection of reporter mRNAs into Xenopus oocytes. It was also established that AREs must be located downstream from the coding region to be functional and that their ability to repress translation was based on the UA content rather than the exact sequence [8] . Further studies revealed that ARE-containing cytokine mRNAs, such as those of interleukin-2, interleukin-3 and TNF-a, can be regulated at the translational level in their natural cellular context [9-121. This was well documented by Han et al. [12] who studied the function of the T N F -a mRNA 3'UTR, and the role of the ARE within it, by constructing chimaeric mRNA molecules that encoded chloramphenicol acetyltransferase and contained various portions of the authentic T N F -a mRNA sequence in a downstream location. It was found that the T N F -a ARE imposed a strong translational blockade in macrophages. However, the blockade was largely alleviated when the cells were treated with lipopolysaccharide (LPS). Signals initiated by LPS therefore act to defeat translational repression and permit a 200-fold rise in translational efficiency, leading to a strong induction of T N F -a production. T N F -a ARE-mediated translational repression was observed subsequently in a variety of cell types, indicating that this mechanism was not specific to macrophages [13, 14] . An in vivo study addressed the impact of deleting the T N F -E ARE from the mouse genome on T N F -a biosynthesis and on the physiology of the host. It revealed that the absence of the ARE affects mechanisms that are responsible for T N F -a mRNA instability and translational repression in haematopoietic and stromal cells, and which result in the development of chronic inflammatory arthritis and Crohn's-like inflammatory bowel disease [S] . The T N F -a ARE can thus act both as a RNA instability determinant and a translational modulator. These two activities can be dissociated, because ARE-mediated translational repression is alleviated by signals that induce T N F -a synthesis, whereas no change in mRNA half-life can be observed in these conditions [15-171. Translational activation of T N F -a mRNA caused by macrophage stimulation results from a shift of T N F -a mRNA from a ribosome-free state to polysomes, and is inhibited by pyridinyl imidazoles that are known to target the mitogen-activated protein (MAP) kinase p38 [18, 19] . Translational control of T N F -a production was shown subsequently to be dependent on the p38 substrate MAP-kinase-activated protein kinase-2 (MK2), as mice that lack MK2 exhibit a 90 o/o reduction in the production of T N F -a in response to LPS as compared with wild-type mice. Moreover, the defective T N F -a production in MK2-'-mice was not due to decreased levels of T N F -a mRNA, but rather to diminished production of the T N F -a protein [20] . Recently, Neininger et al. [21] reported that MK2 acts via the ARE because LPS-induced T N F -a biosynthesis becomes independent of MK2 upon ARE deletion in the T N F -a gene. In conclusion, although T N F -a ARE-regulatory activities, as well as the signalling pathways governing them, have been well documented, the complete understanding of T N F -a mRNA translational activation in activated macrophages will require the identification of MK2 targets that act via the T N F -a ARE.
Multiplicity of the ARE-binding proteins
Biochemical approaches, RNA electrophoretic mobility shift assays (EMSAs) and expression m 8 2.
n Table   I E. (Table 1) . Although there is evidence of the functional role of some of these proteins in ARE-mediated stability and/or translation, others have been identified only by their ability to bind to ARE in vitro. AU binding factor 1 (AUFl), the first AREbinding protein to be identified, was isolated on the basis of its ability to induce c-myc mRNA decay in vitro [22] . AUFl exists as a family of four protein isoforms that are derived from an alternatively spliced pre-mRNA and that differ by their sequence at their N-and/or C-termini [23] . Its high affinity binding activity to class I and I1 ARES relies on its two central RNA recognition motifs (RRMs) in combination with both the alanine-rich region near the N-terminus and the short glutamine-rich region near the Cterminus. Moreover, multimerization of AUFl isoforms is a major afinity determinant for ARE binding. Most observations indicate that AUFl participates in ARE-mediated mRNA destabilization [24] . Recently, Chen et al. [25] reported that AUFl mediates ARE-mRNA degradation by recruiting the exosome, which is a multimeric complex composed of 3'-5' exoribonucleases and RNA-binding proteins. In contrast, AUFl was also found as a component of the a-globin mRNA stability complex, which is not involved in ARE recognition [26] . This raises the hypothesis that the function of ARE-binding proteins is conditioned by the complexes in which they are integrated, and that their presence in multimeric RNA-protein complexes does not necessarily rely on their RNA-binding activity.
ARE-binding proteins
Other well characterized ARE-binding factors are the Elav-like (embryonic lethal -abnormal vision in Drosophila) proteins, which are also referred to as 'Hu antigens' owing to their cross-reactivity with autoantibodies associated with paraneoplastic encephalomyelitis (anti-Hu). So far, four genes that encode Hu proteins have been identified [27] . Three of these [human Elavlike neuronal protein l(He1-Nl), HuC, and HuD] are expressed specifically in neuronal tissues, whereas HuR is expressed ubiquitously [28] . Elavlike proteins contain a conserved arrangement of three RRMs. Two are arranged in tandem near the N-terminus and the third is at the C-terminus. RNA-binding studies revealed that the two tandemly arranged RRMs are involved in ARE binding, whereas the C-terminal motif associates with the polyadenylated [poly(A)+] tail [29] . Several observations indicate that Hu proteins act as ARE mRNA-stabilizing factors [30, 31] . They probably do so by competing with other ARE-binding factors and by protecting the poly(A)+ tail from degradation. Interestingly, binding of Hel-Nl to a class 111 ARE of the neurofilament M mRNA 3'UTR leads to mRNA recruitment into polysomes in human teratocarcinoma cells, without affecting mRNA turnover [32] . This observation indicates that Elavlike proteins are not only stabilizers of AREcontaining mRNAs, but can also act as translation activators in some circumstances.
As mentioned above, other ARE-binding proteins have been identified ; however, their functional role in ARE-mediated post-transcriptional control has not yet been defined.
ARE-binding proteins involved in the regulation of TNF-a mRNA stability and translation
We initiated the identification of T N F -a AREbinding proteins by performing EMSAs with T N F -a mRNA 3'UTR and macrophage cytosolic extracts. Two ARE-specific complexes were detected: a complex of low electrophoretic mobility, whose formation was independent of the activation state of the cells, and another complex of higher mobility that was only observed upon treatment of the cells with LPS or the Senday virus, two potent activators of T N F -a production. The formation of this inducible complex was inhibited by herbimycin A, a potent tyrosine phosphorylation inhibitor which blocks the early steps of the LPS signalling pathway that leads to T N F -a production [33] . Moreover, treatment of extracts from LPS-induced macrophages with protein phosphatase 2A, which preferentially hydrolyses phosphates on serine and threonine residues, significantly inhibited the formation of the inducible complex. In contrast, the Yersinia pestis phosphatase, which preferentially targets phosphorylated tyrosine, did not abrogate the complex (C. Gueydan, G. Huez and V. Kruys, unpublished work). These results suggest that the protein engaged in the LPS-induced complex must be phosphorylated on serine and/or threonine residues to bind the T N F -a ARE. UV cross-linking experiments with the T N F -a ARE revealed that the constitutive and the inducible complexes included proteins with molecular masses of 48 and 55 kDa, respectively. Moreover, the formation of these two complexes involved different sequence elements within the T N F -a ARE : whereas the constitutive complex interacts
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with a large portion of the T N F -a ARE that contains AUUUA pentamers, the formation of the inducible complex requires a minimal sequence corresponding to the UUAUUUAUU nonamer. Interestingly, both complexes could be detected with GM-CSF ARE, but not with c-myc ARE, suggesting that the proteins present in these complexes are specific for class I1 AREs [34].
T o identify the proteins involved in these complexes, we designed a cloning strategy based on the differential screening of a macrophage cDNA expression library with riboprobes that correspond to T N F -a mRNA 3'UTR with or without using an ARE. Using this procedure, we isolated the cDNA that encodes the RNA-binding protein TIAR (TIA-1 -related protein), and supershift experiments with anti-TIAR antibodies revealed that TIAR was a component of the constitutive complex observed in EMSA with T N F -a ARE [35] . T I A R is a member of the RRM family of RNA-binding proteins and was identified by its close similarity to another RNA-binding protein, TIA-1 (T-cell intracellular antigen-1). Both proteins are expressed as two isoforms that result from the alternative splicing of their premRNAs [36] . T N F -a ARE was the first natural target of TIAR to be identified. Subsequently, supershift experiments revealed that TIA-1 was also a component of the constitutive complex that formed with macrophage cytosolic extract. T h e significance of TIA-1 binding to T N F -a ARE was evaluated by producing TIA-1 -deficient mice. It was observed that macrophages derived from T I A -l --mice produced significantly more T N F -a than wild-type controls. T h e higher T N F -a production by T I A -l Y macrophages was not due to increased levels of TNF-a mRNA, but rather to an increased association of TNF-a mRNA with polysomes, suggesting that TIA-1 normally acts as a translational silencer [37] . Although TIAR and/or TIA-1 bind to other class I1 AREs, such as GM-CSF mRNA, in vitro, TIA-1 translational suppression appears to be specific for T N F -a mRNA, as the translation of GM-CSF and interferon-y mRNAs does not seem to be affected by TIA-1 deficiency. This could be explained by the possibility that only T I A R binds to the G M -C S F ARE. Alternatively, TI.4-1 binding to the G M -C S F ARE may not lead to suppression of mRNA translation. T h e [40, 41] . Moreover, these proteins regulate the general translational arrest that accompanies environmental stress by inducing cytoplasmic foci known as stress granules sequestering poly(A)+ mRNA [42] .
Tristetraprolin (TTP) was revealed to be the protein involved in the LPS-induced complex by Western blotting on partially purified complex and supershift experiments with anti-TTP antibodies (C. Gueydan, G . Huez and V. Kruys, unpublished work). T T P , which is the prototype of a class of Cys-Cys-Cys-His zinc finger proteins, was identified previously as a T N F -a AREbinding protein [43, 44] . T h e knockout of the T T P gene leads to the stabilization of T N F -a mRNA in LPS-induced macrophages, indicating that TTP participates in the destabilization of TNF-a mRNA. In macrophages, TTP is cytosolic and its synthesis is induced by the same agents that stimulate T N F -a production, suggesting that it is a component of a negative feedback loop that down-regulates T N F -a production by destabilizing its mRNA. Like AUF1, T T P is thought to degrade ARE-containing mRNA by recruiting the exosome [25] . LPS induces the phosphorylation of TTP concomitantly to its synthesis [45, 46] . However, the roles of T T P phosphorylation and the kinase(s) that phosphorylate T T P are still subjects of controversy. Our observation that the LPS-induced T N F -a ARE-TTP complex formed with macrophage extract is abrogated by phosphatase treatment suggests that T T P phosphorylation favours ARE binding. In contrast, binding of T T P that is ectopically expressed in HEK-293 cells was increased upon dephosphorylation with alkaline phosphatase [47] . Although no explanation has been provided for these contradictory observations, it is possible that T T P is phosphorylated at different sites in LPS-stimulated macrophages compared with HEK-293 cells, and that these phosphorylations differentially affect AREbinding activity of T T P . A similar controversy remains with regard to the kinase pathway that mediates TTP phosphorylation in macrophages.
Indeed, contradictory observations were reported on the involvement of the p38 MAP kinase pathway in the phosphorylation of TTP [21, 46, 47] (Figure 1) .
We found recently, using the two-hybrid system and other biochemical methods, that T T P can interact with TIAR, but not with TIA-I, and that this interaction is independent of RNA binding. Supershift experiments with anti-TIAR and anti-TTP antibodies revealed that both proteins are found in the same complex that is formed upon incubation of T N F -a ARE with cytosolic extracts of LPS-induced macrophages (T. Zhang, V. Kruys, G . Huez and C. Gueydan, unpublished work) . This is the first molecular evidence to indicate that TIAR and TIA-1 can have different functions. Although the significance of this interaction is still undefined, we hypothesize that TIAR might influence either the subcellular localization or the ARE-binding affinity of T T P . Work is in progress to address this question.
Concluding remarks
The regulatory mechanisms controlled by ARES appear to be much more complex than was expected at their discovery. This complexity results from the heterogeneity of ARE sequences and the multiplicity of trans-acting factors. Moreover, the function and the specificity of AREbinding factors seem to be determined by their association within multimeric complexes that involve other RNA-or ARE-binding proteins. T h e identification of the ARE structural determinants, as well as the composition of the protein complexes with which they interact, is the next step towards a better understanding of these post-transcriptional regulations. In particular, many aspects of the ARE-mediated T N F -a stability and translational regulations are still undefined. Indeed, although the destabilizing effect of TTP in LPS-stimulated macrophages is well established, it is still unclear whether it is effective in unstimulated conditions or if other factors might be involved in this regulation. Similarly, although TIA-1 and/or TIAR have been shown to repress T N F -a mRNA translation, the mechanism by which LPS alleviates this translational suppression is still unsolved. Indeed, TIAR and TIA-1 expression or binding activity seem not to be modified upon stimulation, which leaves the possibility that another still unidentified factor might mediate LPS-induced translational activation of T N F -a mRNA.
